r In mammals, the mother-offspring interaction is essential for health later in adulthood. r The impact of altered timing and quality of maternal care on the offspring's circadian system was assessed using a cross-strain fostering approach.
Introduction
In mammals, an intimate mother-offspring interaction on a daily basis is essential for health later in adulthood, as demonstrated at the level of mental and metabolic functions (Varcoe et al. 2013; Marco et al. 2016) . These physiological functions are controlled by endogenous time-keeping system that optimizes their course over the day and night. The system is composed of molecular clocks that spontaneously generate rhythmic signal at the cellular level with an ß24 h (i.e. circadian, period) (Reppert & Weaver, 2001 ). The clocks temporally regulate the expression of a great array of physiologically active genes (Ripperger et al. 2000; Storch et al. 2002) . During ontogenesis, the circadian system undergoes endogenously determined development and, at the same time, is affected by maternal cues .
The central circadian clock, which is located in the suprachiasmatic nuclei of the hypothalamus (SCN) (Ralph et al. 1990) , synchronizes the clocks present in almost every cell in the body (i.e. in the neuronal and non-neuronal tissues) (Balsalobre et al. 1998; Yamamoto et al. 2004) . The clock genes Per1,2, Cry1,2, Bmal1,2, Clock, Nr1d1 and Rora,b are basic components of the mammalian circadian clock mechanisms at the cellular level. The rhythmic regulation of their expression is based on mutually interlocked transcriptional-translational feedback loops, as has been reviewed extensively (Reppert & Weaver, 2001) . Within the core regulatory feedback loop, during the night, the proteins PER1,2 and CRY1,2 inhibit the transcription of their own genes Per1,2 and Cry1,2, which were activated during the day by CLOCK and BMAL1. In the additional feedback loop, Nr1d1 and Rora gene transcription is also rhythmically activated by CLOCK and BMAL1, and their protein products feedback to regulate Bmal1 expression, thus increasing the robustness of the clock oscillations. The effective interaction of these feedback loops causes and is dependent on opposite phases of Bmal1 and Nr1d1 expression rhythms.
In rodents, the circadian system develops gradually during ontogenesis from the prenatal period until weaning Landgraf et al. 2014) . The clock in the rat SCN develops to an adult-like stage by postnatal days (P)5-10, when it begins to play the role of the central clock and generate robust rhythmic signals that are fully entrainable to external light/dark cycle. However, the peripheral clocks remain under maternal influence for a longer time and become fully independent of maternal cues after weaning, which occurs in rats at around P20-30. This course of development has been demonstrated by assessing the amplitudes and phases of clock gene expression profiles in the developing SCN (Sladek et al. 2004; Kovacikova et al. 2006) and in various peripheral tissues, such as in the liver (Sladek et al. 2007a) , colon (Polidarova et al. 2014 ), pituitary, lung (Yoo et al. 2004 , heart (Wu et al. 2015) , pancreas (Muhlbauer et al. 2004) , kidney (Meszaros et al. 2014 ) and adrenal tissue (Roa et al. 2017) . The amplitudes of these rhythms reflect the degree of synchrony among individual cellular oscillators that is required for coherent rhythms at the tissue level in vivo. In the central SCN clock, this synchrony is ensured via a web of neuronal connections among the cellular oscillators (Welsh et al. 1995; Aton et al. 2005 ) that represents the intrinsic property of this structure. In non-neuronal peripheral tissues, inter-oscillator communication is lacking, and each oscillator receives rhythmic signals individually. These signals are derived from the SCN and/or from activity/rest or feeding/fasting rhythms (Stokkan et al. 2001; Guo et al. 2006) . At early developmental stages after birth, the clock gene expression profiles are dependent on rhythmic maternal input (Sladek et al. 2007a; Polidarova et al. 2014) .
To assess the effect of altered maternal care on the circadian clocks in pups, we used a strategy aiming to measure the impact of maternal care provided by a mother with a different circadian phenotype. We built up this approach based on our previous findings that the circadian system of spontaneously hypertensive rats (SHR) differs greatly from normotensive Wistar rats Polidarova et al. 2013) , with the latter comprising a strain that SHR were originally bred from (Okamoto & Aoki, 1963) . SHR spontaneously develop pathology in cardiovascular (Conrad et al. 1995) and metabolic functions (Pravenec et al. 2004 ) as they age. The first significant rise in blood pressure occurs at 5-6 weeks of age and this increases until adulthood when the blood pressure reaches up to 180-200 mmHg compared to 120 mmHg in Wistar-Kyoto rats (Behuliak et al. 2015) . Cardiovascular disorders, such as hypertrophy of the heart and vessels, begin to develop at 40-50 weeks of age (Conrad et al. 1995) . SHR are generally more responsive to stressful stimuli at 3-6 weeks of age and their hypothalamic-pituitary-adrenal axis is significantly more sensitive compared to Wistar-Kyoto rats (Hausler et al. 1983; Kenyon et al. 1993) . Importantly, the SHR circadian system differs significantly from that of Wistar rats during ontogenesis (Olejnikova et al. 2015) , as well as in adulthood (Cui et al. 2011; Sladek et al. 2012; Polidarova et al. 2013) . In terms of the differences most relevant to the present study, the adult SHR have daily activity/rest cycles that are dampened and phase-advanced relative to the light/dark cycle and they are more sensitive to changes in feeding regime (Polidarova et al. 2013) . Additionally, our previous findings (Olejnikova et al. 2015) , as well as those of others , have demonstrated that the maternal care provided by SHR mothers to pups shortly after delivery differs from that of Wistar rat mothers. In rats, maternal care consists of nest building, licking, grooming and nursing in either an arched-back posture or when lying over the pups and/or nearby (Champagne et al. 2003) . This requires physical contact with the offspring. Our infrared cameras recordings of the time that mothers spent in the nest with their pups during the day and night revealed that, compared to Wistar rat mothers, SHR mothers left the nest for a longer time, especially during the night (Olejnikova et al. 2015) . Therefore, based on the differences in circadian phenotype and maternal care between SHR and Wistar rats, we designated the maternal care provided by SHR mother as 'abnormal' (i.e. less frequent and circadian misaligned) and the care by Wistar rats as 'normal' . These differences in circadian and maternal behaviour between the two rat strains (SHR and Wistar rat) provide us with the unique opportunity to investigate the impact of altered maternal care on developing circadian clocks in rat pups that are reared from birth by a foster mother of a different strain. Because adverse maternal environment during gestation and lactation may have negative effect on pups and the effect may persist until adulthood (Hatanaka et al. 2017) , we hypothesized that proper maternal care might affect the circadian system and possibly mitigate pathological symptoms of SHR. We assessed the effects of altered maternal care on the circadian system in pups at P10 (when pups were completely dependent on the maternal care), at P30 (when their weaning was completed) and in adulthood. To our knowledge, this is the first study to address the impact of altered maternal care on the molecular circadian clocks in pups.
Methods

Ethical approval
All experiments were approved by the Animal Care and Use Committee of the Institute of Physiology in agreement with the Animal Protection Law of the Czech Republic and the European Community Council directives 86/609/EEC. All efforts were made to minimize the suffering of the animals. The experiments conform to the principles and regulations as described in Grundy (2015) .
Animals
Three-month-old male and female Wistar:Han and SHR/Ola rats (Institute of Physiology, Academy of Sciences of the Czech Republic) were maintained under a 12:12 h light/dark (LD) cycle (lights on 06.00 h) at 21 ± 2°C and with free access to food and water. Light was provided by overhead 40 W fluorescent tubes and illumination was ß150 lux, depending on the cage position in the animal room.
Experimental groups and procedures
Female rats were mated with males and, in cases of sperm positivity in vaginal smears, were maintained individually in cages. After delivery, which was designated postnatal day 0 (P0), the dams and their pups were maintained under LD 12:12 h and divided into four groups (Fig. 1) . The body weight (bw) of newborn pups (at P1) was 7.0 ± 0.5 g for Wistar rat and 5.0 ± 0.4 g for SHR. The pups of both sexes were included in the study. The pups of the control group were left undisturbed and were reared by their own mother throughout the lactation period until they were killed during the 24 h cycle at P10 or P30 (for details, see below). The other groups of pups were exposed to fostering procedures: on P1, they were transferred to a foster mother that was (i) of the different rat strain (cross-strain foster) (i.e. the Wistar rat pups were reared by a foster SHR mother and the SHR pups were reared by a foster Wistar rat mother) or (ii) of the same rat strain (intra-strain foster) (i.e. the Wistar rat pups were reared by a foster Wistar rat mother and the SHR pups were reared by a foster SHR mother). Pups reared by foster mothers were sampled at P10 and/or P30 as described above for the control pups. Another group of pups was exposed to a foster mother of the different strain but then returned at P10 to their own biological mother that reared them until P30 when they were sampled (cross-strain return). Additionally, the pups of control and cross-strain fostering groups were weaned at P30 and maintained under LD 12:12 h and their locomotor activity, blood pressure and heart rate (HR) were monitored when they were 1-2 and 6-8 months old. The rats were weighted at the age of 2 months. The bw of rats reared by their genetic mothers The newborn rat pups were reared either by their genetic mother (control) or exposed to a fostering procedure where on the first postnatal day (P1), the pups were transferred to a foster mother. A foster mother of the same rat strain (intra-strain fostering) or of the other rat strain (cross-strain fostering) reared the pups until weaning (P30) or the pups were exposed to cross-strain fostering until P10 and then returned to their original mother for the rest of the lactation period (until P30). (Table 1 ) post hoc analyses (Šidák's multiple comparisons) depict differences in the expression levels between the control and cross-strain fostered groups at individual CT. C, comparison of acrophases (mean ± SEM) of the gene expression profiles shown in (A) and (B) by two-way ANOVA with Tukey's multiple comparisons test; the relevant significant differences are depicted. * P < 0.05; * * * P < 0.001; * * * * P < 0.0001.
was 256.0 ± 12.8 g for Wistar rats and 152.5 ± 6.4 g for SHR. The bw of cross-strain fostered Wistar rats and SHR was 233.8 ± 12.4 g and 220.4 ± 10.6 g, respectively.
Collection of tissue samples
On the day of sampling, pups of all groups and both rat strains were released into constant darkness (DD) and killed under deep anaesthesia (I.P. injections of thiopental, 50 mg kg -1 ) in dim red light (<1 lux) by rapid decapitation every 4 h during a 24 h cycle starting at circadian time 0 (CT0), which corresponded to the time of the previous lights on. For both rat strains, each of the above groups consisted of 35 pups (from litters of seven or eight dams) and, at each time point, 4-6 pups from the same litter were sampled to collect the brains, liver and colon.
The brains were immediately frozen on dry ice and were kept at −80°C. They were sectioned throughout the SCN into 12 μm thick slices that were used to detect the mRNA levels of clock genes by in situ hybridization. The liver samples were immediately immersed in RNAlater stabilization reagent (Qiagen, Valencia, CA, USA). Colons were dissected from the cecum to the rectum, cut longitudinally and a sample of the tissue was immersed in RNA later stabilization reagent. The samples were stored in RNAlater at -20°C until RNA isolation. CT (h) Control Cross-strain foster ** **** **** **** **** **** **** **** **** **** **** **** **** * **** **** **** * **** *** ** ** **** **** ** ** **** **** **** **** **** ** *** *** ** *** (Table 2 ) post hoc analyses (Šidák's multiple comparisons) of differences in the expression levels between the control and cross-strain fostered groups at individual CT are depicted. * P < 0.05; * * P < 0.01; * * * P < 0.001; * * * * P < 0.0001.
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In situ hybridization
The cDNA fragments of rat rPer1 (980 bp; 581-1561; GenBank AB 002108), rPer2 (1512 bp; 369-1881; GenBank NM 031678), rNr1d1 (1109 bp; 558-1666; GenBank BC062047) and rBmal1 (841 bp; 257-1098; GenBank AB012600) were used as templates for the in vitro transcription of cRNA probes. The probes were labelled using 35 S-UTP and the in situ hybridizations were performed as described previously (Sumova et al. 2003) . The brain sections were hybridized for 20 h at 60°C. Following a post-hybridization wash, the sections were dehydrated in ethanol and dried. Finally, the slides were exposed to BIOMAX MR film (Sigma-Aldrich, St Louis, MO, USA) for 10 days and developed using ADEFO-MIX-S developer and ADEFOFIX fixer (Adefo-Chemie, Dietzenbach, Germany) in an automatic film processing machine (Protec, Oberstenfeld, Germany). Brain sections were processed simultaneously under identical conditions. Thereafter, the sections were processed for cresyl violet staining to identify the position of the SCN. Autoradiographs of the sections were analysed using an image analysis system (Image Pro; Olympus, New York, USA) to detect the relative optical density (OD) of the specific hybridization signal in the SCN (OD signal of the background measured in the close surrounding area was subtracted from the signal measured in the SCN area). For comparisons between the experimental groups, the data were normalized to the highest value of the compared daily profiles and expressed as the mean ± SD.
RNA isolation and real-time quantitative RT-PCR
Liver and colon samples were homogenized by ultrasound sonication and total RNA was purified using GenElute Mammalian Total RNA Miniprep Kit (Sigma-Aldrich) in accordance with the manufacturer's instructions. RNA For each clock gene, the amplitudes from pups reared by their own mother (control) were normalized and compared with profiles from pups reared by a foster mother of the other (cross-strain fostering) or same (intra-strain fostering) strain or with pups who were first exposed to cross-strain fostering and at 10 days of age returned back to their genetic mother (cross-strain return). The data are expressed as the mean ± SEM. The results of comparisons between groups by two-way ANOVA withŠidák's multiple comparisons test are shown. * * P < 0.01; * * * P < 0.001; * * * * P < 0.0001.
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concentrations were determined by Nanodrop (ThermoFisher, Waltham, MA, USA) spectrophotometry at 260 nm and RNA quality was assessed by electrophoresis on 1.5% agarose gel. Moreover, the integrity of randomly selected samples of total RNA was tested using a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
The real-time quantitative RT-PCR method, which was used to detect mRNA levels of Per1, Per2, Nr1d1 and Bmal1, has been described previously (Sladek et al. 2007a) . Briefly, 1 μg of total RNA was reverse-transcribed using a High Capacity cDNA RT Kit (ThermoFisher). Diluted cDNA was then amplified on LightCycler480 (Roche, Basel, Switzerland) using SYBR Select qPCR Master Mix (ThermoFisher) and the corresponding primers. Relative quantification was achieved using a standard curve and by subsequently normalizing the measured gene expression to the mean relative expression of β2-microglobulin (B2M) and Gapdh. These reference genes have been used for normalization previously (Sladek et al. 2007b; Polidarova et al. 2011 Polidarova et al. , 2013 and their expression was stable throughout the 24 h period. All of the primer sequences have been reported previously (Sladek et al. 2007a; Polidarova et al. 2014) . In each experiment, samples from the experimental and control groups were analysed in the same quantitative RT-PCR run.
Locomotor activity recording
The pups were weaned at P30 and housed individually to monitor locomotor activity immediately after weaning and again at the age of 6 months. The locomotor activity was monitored as described previously (Houdek et al. 2016) . Briefly, rats were maintained individually in cages equipped with infrared movement detectors, which were attached above the centre of the top of the cage. A circadian activity monitoring system (Dr H. M. Cooper, INSERM, Lyon, France) was used to measure activity every minute. The data were analysed using the ClockLab toolbox (Actimetrics, Wilmette, IL, USA). Double-plotted actograms and chi-squared periodograms were generated to evaluate activity and calculate the period and amplitude (power of the period estimation) of its rhythm. For each group, 10-35 animals were recorded.
Direct measurements of blood pressure and HR
HR and blood pressure [mean arterial pressure (MAP), systolic blood pressure (SBP) and diastolic blood pressure (DBP)] were measured in conscious 2-month-old rats (for each group, 6-8 animals were measured). The measurements were performed between 14.00 h and 17.00 h, which corresponded to 1-4 h before lights off. A polyethylene catheter (PE50) was inserted into the left carotid artery under isoflurane anaesthesia (5% induction and 2-3% maintenance; Forane; AbbVie, Chicago, IL, USA). This was filled with heparinized saline, tunnelled S.C. and exteriorized in the interscapular region. One day after the surgical procedures, experiments were carried out in conscious rats kept in small transparent cages as described previously (Behuliak et al. 2015) . The animals were allowed to stabilize for a period of 30 min before measurements. The arterial catheter was connected to a pressure transducer (MLT0380/D; ADInstruments Ltd, Bella Vista, NSW, Australia) that was placed at the level of the rat heart. The signal from the pressure transducer connected to bridge amplifier (QUAD Bridge; ADInstruments) was digitized with a computer-based monitoring PowerLab system (PowerLab/8SP; ADInstruments) and recorded at a sampling rate of 400 s −1 (Hz) using LabChart software (ADInstruments). HR was derived from the arterial pressure signal as the reciprocal of the pulse interval, which was computed as the interval between two consecutive systolic peaks.
Statistical analysis
The 24 h gene expression profiles of all experimental groups for each rat strain were compared by two-way ANOVA (effect of time, groups and interaction). If the analysis revealed significant differences between the groups or a significant interaction effect, post hoc analyses were performed withŠidák's multiple comparisons test. Additionally, the daily gene expression profiles were subjected to cosine analysis so that the data were fit to a regression model defined by: y = mesor + [amplitude * cos(2 * π * (x -acrophase)/wavelength)], with a constant wavelength of 24 h. The analysis determined the timing of the peak in gene expression (acrophase) (mean ± SEM) and amplitude (mean ± SEM) of the rhythms, which were compared between the groups using two-way ANOVA with eitherŠidák's (two groups) or Tukey's (four groups) multiple comparisons test. Period was analysed by a Kruskal-Wallis test with Dunn's multiple comparisons, and the other locomotor activity and cardiovascular parameters were analysed by one-way ANOVA with Tukey's multiple comparisons test. With the exception of period, all data were assumed to have normal distribution. P < 0.05 (multiplicity-adjusted) was considered statistically significant. All of the statistical calculations were performed with Prism, version 7 (GraphPad, La Jolla, CA, USA).
Results
The effect of altered maternal care on the circadian clocks in rat pups was tested in a series of experiments in which the pups were reared by a foster mother of the other rat strain (cross-strain fostering) or of the same rat strain (intra-strain fostering) for the entire lactation period (from P1 until P30), or pups were first exposed to the cross-strain fostering and then, at P10, they were returned to their genetic mothers for the rest of the lactation period (Fig. 1) .
Cross-strain fostering significantly affects the circadian clock in the pup SCN in a strain-specific manner
To assess the effect of altered maternal care on the SCN clock of pups, we compared daily profiles of Per2, Nr1d1 and Bmal1 expression in the SCN (Fig. 2) of 10-day-old and 30-day-old pups that were either reared by their own mothers or were exposed to cross-strain fostering. The statistical comparisons (by two-way ANOVA) between the experimental groups are summarized in Table 1 ; the significant differences in the relative expression levels at the individual time points (the results of the post-hoc analyses) are shown in Fig. 2A and B; and the significant differences between acrophases of the cosine fits of the expression profiles are shown in Fig. 2C .
A comparison of the clock gene expression profiles' acrophases ( Fig. 2C) between the pups of both rat strains reared by their genetic mothers showed that, at P30, the expression of all genes was significantly phase advanced in SHR compared to that in Wistar rat pups, although the advances were not significant at P10. These results demonstrate that the positive phase angle of entrainment of the locomotor activity rhythm observed in the adult SHR develops in the pups already by P30. Exposure of 10-day-old Wistar pups ( Fig. 2A) to the cross-strain fostering significantly modified the clock gene expression profiles of all three tested clock genes (i.e. Per2, Nr1d1 and Bmal1) compared to the control groups ( Fig. 2A and Table 1 ); the acrophase (Fig. 2C) in the cross-strain fostered Wistar pups was advanced compared to the pups reared by their own mothers significantly for Per2 (9.2 ± 0.2 h vs. 8.2 ± 0.3 h) but not significantly for Nr1d1 (2.9 ± 0.2 vs. 2.1 ± 0.2 h) and Bmal1 (18.1 ± 0.4 vs. 16.9 ± 0.4 h) expression profiles. At P30, the cross-strain fostering did not affect the SCN of Wistar rat pups (Fig. 2B  and C) . By contrast to Wistar rat pups, the cross-strain fostering had no effect on the phase of any of the clock gene expression profiles of SHR pups at P10 ( Fig. 2A and  C) or at P30 (Fig. 2B and C) . However, at P10, there was a significant effect of the cross-strain fostering on the amplitude of the Bmal1 expression rhythm ( Fig. 2A) , which significantly increased from 0.2335 ± 0.0292 in controls to 0.3618 ± 0.0329 in cross-strain fostered pups (P = 0.0194); this difference disappeared at P30.
These results demonstrate that, in both rat strains, the effect of cross-strain fostering on the pup SCN clock was already significant at P10: In Wistar rat pups, SHR foster mother phase-advanced the clock by ß1 h, whereas, in SHR pups, Wistar rat foster mother increased the amplitude of the Bmal1 rhythm.
Cross-strain fostering robustly affects the peripheral circadian clocks of pups in age-and strain-specific manners
To assess the impact of cross-strain fostering on pup peripheral clocks, we studied the daily profiles of Per1, Per2, Nr1d1 and Bmal1 expression in the liver (Fig. 3) and colon (Fig. 4) of the same pups that were used to detect the effects of cross-strain fostering on the SCN clock. For the results of the statistical comparisons between the groups by two-way ANOVA (Table 2) , the results of post hoc comparisons between the groups are shown in Figs 3 and 4 .
In the liver of 10-day-old Wistar pups (Fig. 3A) , cross-strain fostering significantly down-regulated overall Per1 and Per2 expression levels and decreased the amplitude of Nr1d1 expression rhythm, although the rhythm of Bmal1 expression was not affected. By marked contrast, cross-strain fostering had no significant effect on the expression profile of any of the studied genes in the liver of 10-day-old SHR pups (Fig. 3A) . In 30-day-old pups ( Fig. 3B) , cross-strain fostering affected the clock gene expression profiles in a similar manner in both strains, in that the amplitudes of the expression rhythms of all of the genes studied ( Fig. 5A ; cross-strain) and/or their expression levels (Fig. 3A) were increased.
Unlike the hepatic clock, the clock in the colon of 10-day-old Wistar pups was not sensitive to cross-strain fostering (Fig. 4A) because none of the studied gene expression profiles was significantly affected. In 10-day-old SHR pups, cross-strain fostering selectively dampened the amplitude of the Nr1d1 expression profile at the same time as leaving the expression of the other clock genes unaffected (Fig. 4A) . By contrast, at P30, the effect of cross-strain fostering was more pronounced and was similar to the effect seen in the liver (i.e. cross-strain fostering increased the amplitudes of expression profiles of all studied clock genes in SHR pups) (Figs 4B and 5B; cross-strain) and had a less dramatic effect in Wistar pups, where it significantly increased only the amplitude of Bmal1 expression rhythm ( Fig. 5B ; cross-strain) and also modified the profile of Per2 (Fig. 4B) . Because our previous results demonstrated that, in adult SHR, the amplitudes of clock gene expression in the colon were significantly lower compared to Wistar rats , we performed an additional comparison of the amplitudes in the colon of 30-day-old control and cross-strain fostered pups of both strains. The results of this comparison (Fig. 6) revealed that, already at P30, the rhythm amplitudes of Per1 and Nr1d1 in control SHR were significantly lower than in Wistar rats, as previously reported in adults (Sládek et al. 2012) , and the cross-strain Daily profiles of clock gene expression in the suprachiasmatic nuclei (SCN) of 10-day-old (P10) and 30-day-old (P30) Wistar rat and SHR pups reared by their own mothers (controls) or exposed to cross-strain fostering (cross-strain). F test distribution ratio (F), degrees of freedom in the variance of numerator (DFn) and denominator (DFd), P value (P). Significant differences are indicated in bold.
fostering significantly increased the amplitudes for all genes (with the exception of Per1 for which the amplitude was increased non-significantly). For Wistar rat pups, the comparison confirmed the significant effect of cross-strain fostering only on amplitude of the Bmal1 expression rhythm ( Fig. 5B ; cross-foster).
Altogether, these results demonstrate that the impact of cross-strain fostering was dependent on age, peripheral tissue and the clock gene studied. At P10, the procedure significantly suppressed the amplitude of the hepatic clock of Wistar pups but not SHR pups and it had almost no effect on the colonic clock of both strains. Notably, at P30, this procedure had a significant impact on the amplitudes of the clock in both of the studied peripheral tissues of pups from both strains, although the effect was more pronounced in SHR. Overall, the amplitudes of the clock gene expression profiles of cross-strain fostered 30-day-old pups were elevated compared to controls of the same strain and, in the colon, a Wistar rat foster mother increased the dampened amplitudes of SHR pups to the same (or higher) levels seen in Wistar rat pups.
The effect of cross-strain fostering on the amplitudes of peripheral circadian clocks is due to the different circadian phenotype of the mother
The robust impact of cross-strain fostering on the peripheral clocks in pups at P30 led us to examine whether the effect was a consequence of maternal care provided by a mother of a different strain or a result of the presence of a foster mother per se. Accordingly, we performed two additional experiments (see scheme in Fig. 1 ). In the first experiment, the pups were exposed to cross-strain fostering at P1, as in the previous experiment, although they were returned to their own genetic mother at P10 and remained with her until P30 (cross-strain return). In the second experiment, the pups were exposed to the fostering procedure at P1, although the foster mother was of the same strain (intra-strain fostering) and the pups remained with the foster mother until they were sampled at P30.
The return of pups exposed to cross-strain fostering to their genetic mothers ameliorated or abolished the effect of cross-strain fostering on the increase in amplitudes of the peripheral clocks in a strain-dependent manner ( Fig. 5 ; cross-strain return). In Wistar rat pups, the effect was blocked partially in the liver (only for Nr1d1) (Fig. 5A ) but almost completely in the colon (Fig. 5B) . However, in SHR pups, the return to their genetic mother abolished the effect of cross-strain fostering completely both in the liver (Fig. 5A) and colon (Fig. 5B) .
The fostering procedure per se (i.e. the exchange of a genetic mother with a foster mother of the same rat strain) ( Fig. 5A ; intra-strain) did not increase the amplitudes of the clock gene expression profiles in the liver of Wistar rats as observed because of cross-strain fostering. In the liver of SHR, the intra-strain fostering procedure caused only a small increase in the amplitude of Bmal1. The effect on intra-strain fostering on the clock in the colon was not examined.
Cross-strain fostering has a long-lasting impact on circadian behaviour
The effect of the cross-strain fostering procedure on the SCN-driven behavioural activity rhythms was assessed in the rats monitored shortly after weaning: after P35 (1 month old) and again in adulthood (6 months old) 
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J Physiol 596.23 Daily profiles of clock gene expression in the liver of 10-day-old (P10) and 30-day-old (P30) Wistar rat and SHR pups reared by their own mothers (controls), the foster mother of the different strain (cross-strain), or they were reared by the foster mother of the different strain from P1 until P10 and then returned to their own mother (cross-strain return). F test distribution ratio (F), degrees of freedom in the variance of numerator (DFn) and denominator (DFd), P value (P). Significant differences are indicated in bold. (Fig. 7) . The results of the statistical comparisons between the groups are shown in Fig. 7 . The total activity was not affected by the cross-strain fostering conditions, nor did it change with age under LD 12:12 h and DD (Fig. 7A) . The amplitude of the locomotor activity rhythm was measured as an activity/rest ratio (Fig. 7B) . Under LD 12:12 h, the amplitude increased significantly with age in control Wistar rats but not in control SHR. Consequently, the amplitude was not different between 1-month-old control Wistar rats and SHR, whereas, in 6-month-old rats, it was significantly higher in control Wistar rats than in SHR. The cross-strain fostering had no effect on the amplitudes of the activity rhythms of Wistar rats at either age or in the 1-month-old SHR; however, it significantly increased the amplitude in 6-month-old SHR compared to age-matched controls, reaching approximately the same level seen in Wistar rats. In rats maintained under DD conditions, the amplitude in control SHR was significantly lower than in Wistar rats (similar to that seen in LD12:12) but an effect of cross-strain fostering was not present. These results suggest that the improvement in the activity/rest ratio as a result of cross-strain fostering was related to a change in the phase angle of the rhythm relative to the LD cycle. Therefore, the phase angle of the entrainment of the locomotor activity rhythm was measured as the level of activity during the interval in the 3 h before lights off under LD 12:12 h (Fig. 7C ). This pre-lights-off activity was significantly increased in SHR compared to Wistar rats at 1 month of age, and even more so at 6 months of age. The cross-strain fostering significantly decreased the pre-lights-off activity in SHR at 6 months of age, when activity attained the same level as that seen in Wistar rats. In 1-month-old SHR, an effect was suggested, although this was not significant. Therefore, the data demonstrate that a small positive phase angle of entrainment is already present in 1-month-old SHR and progressively develops later in adulthood. The cross-strain fostering procedure completely blocked the development of the positive phase angle of entrainment in adulthood and thus improved the entrainment of locomotor activity rhythm to LD 12:12 h in SHR, which attained the same level of entrainment as Wistar rats. The period of free-running locomotor activity rhythm measured in 6-month-old rats maintained under DD (Fig. 7D ) was significantly shorter in SHR compared to Wistar rats and was not affected by cross-strain fostering. Therefore, in contrast to the phase, the free-running period is a genetic trait that was not changed by maternal care in this experimental model.
Cross-strain fostering affects cardiovascular function
The effects of cross-strain fostering on HR, MAP, SBP and DBP were studied in 2-month-old animals. The results of the statistical comparisons are shown in Fig. 8 . A two-way ANOVA revealed that control SHR had significantly higher values in all four parameters compared to control Wistar rats. These results confirm that cardiovascular pathology developed with age in our SHR, as reported previously (Conrad et al. 1995) . The maternal care of Wistar rat foster mothers significantly decreased the elevated HR of SHR, whereas the maternal care of SHR foster mothers had no effect on the parameters in Wistar rats.
Discussion
The results of the present study provide strong evidence for the unexpectedly robust impact of altered maternal care provided by a foster mother on developing circadian clocks and on behaviour and cardiovascular function in adulthood. Notably, altered maternal care significantly affected the developing circadian clocks despite the pups being maintained under an LD regime that is considered the dominant cue for entraining the circadian clocks, thus demonstrating the relevance of these findings under natural conditions. We found that altered maternal care affected the SCN and peripheral clocks of pups at the molecular level already during the early part of ontogenesis. Moreover, the effect of altered maternal care was exhibited in adulthood at the level of circadian behaviour and HR. In general, the more intensive maternal care of Wistar rat mothers improved most of the parameters seen with the abnormal SHR circadian phenotype and, during early developmental stages, the less frequent maternal care of SHR mothers worsened these parameters in Wistar rats.
In the present study, we found that, in Wistar rat pups, the maternal care provided by SHR foster mothers disrupted the proper entrainment of their central SCN clock to the external light/dark cycle because it significantly phase-advanced the clock. The effect imposed on the pup's clock corresponded to the circadian phenotype of the SHR mother. In adult SHR, the phase of the SCN clock is abnormally advanced, which causes a positive phase angle of entrainment of the SCN-driven locomotor activity rhythm relative to the external light/dark cycle. Thus, the adult SHR have already begun to be active before lights off, whereas the Wistar rats become active only at the time of lights off . The magnitude of the SCN clock phase advance in 10-day-old Wistar pups reared by SHR foster mothers was ß1 h (1.0 h for Per2, 0.8 h for
Nr1d1 and 1.2 h for Bmal1), which is comparable to that previously observed in adult SHR (1.4 h for Per2, 0.8 h for Nr1d1 and 1.7 h for Bmal1). Therefore, the abnormal behavioural phenotype of SHR mothers was completely imprinted on the phase of the SCN clock of 10-day-old pups although the pups were kept in the light/dark cycle that entrains their SCN clock at this age (Mateju et al. 2009 ). Nevertheless, this detrimental maternal effect on the phase of the SCN clock of pups was not detectable at P30 or after weaning. In SHR pups reared by their own mothers, the clock gene expression rhythms in the SCN spontaneously phase-advanced between P10 and P30 and, in adulthood, were measured in rats that were reared until weaning by their own mothers (control) and in those that were exposed to cross-strain fostering (cross-strain). The data are expressed as the mean ± SD (n = 10-35 per group); box plots in (D) show median (line) with 25th to 75th percentile (box) and minimal to maximal value (whiskers). The results of the statistical comparisons between groups are depicted. * P < 0.05; * * * P < 0.001; * * * * P < 0.0001.
their SCN drove locomotor activity rhythm that was phase-advanced relative to the light/dark cycle. The maternal care provided to SHR pups by the Wistar rat foster mothers significantly affected this process because it completely abolished the development of the positive phase-angle of the entrainment of the locomotor activity rhythm in adult SHR. Additionally, the maternal care of Wistar rat foster mothers facilitated the development of the amplitude of Bmal1 expression rhythm in the SCN of SHR, which has been found to be delayed in SHR compared to Wistar rats (Olejnikova et al. 2015) . The cross-strain fostering procedure also completely reversed the lower amplitude of locomotor activity rhythm found in adult SHR . Therefore, the presumably better (more intensive and properly aligned) maternal care provided by Wistar rat mothers to SHR pups increased the robustness of the SCN clock-driven rhythm and improved its entrainment to the external light/dark cycle in adulthood.
Apart from the altered circadian phenotype and maternal care, nursing regime also differs between Wistar rat and SHR dams. Not only is the presence in the nest more fragmented especially during the first few days after birth (Olejnikova et al. 2015) , but also the milk production is lower in SHR dams (Rose & McCarty, 1994) . Because breast milk of SHR differs in the content of electrolytes, proteins and fatty acids to Wistar rats (Mills et al. 1990; Azar et al. 1991; McCarty & Tong, 1995) , the poor dietary quality of SHR breast milk might contribute to this effect of cross-strain fostering on the hepatic circadian clock of 10-day-old Wistar rat pups. Perinatal protein restriction was found to alter expression of genes regulating cellular processes, including the cluster of genes that link temporal and nutritional cues to metabolism through their tight interaction with the circadian clock (Orozco-Solis et al. 2011) . Changes in maternal feeding regime have been shown to have a significant effect on the developing peripheral clocks located in the liver (Sladek et al. 2007a ) and colon (Polidarova et al. 2013) . Consistent with these findings, we found a significant negative impact of the abnormal maternal care of the SHR mother on the circadian clocks in the liver (but not on the colon) of Wistar rat pups at P10; cross-strain fostering robustly down-regulated the expression of Per1, Per2 and Nr1d1 genes. However, the more intensive maternal care provided by the foster Wistar rat mothers to SHR pups had much smaller effect on their clocks in the liver and almost no effect on the clock in the colon at P10. Unexpectedly, in 30-day-old pups, cross-strain fostering had enormous opposite impact on their peripheral clocks in both strains. The expression of most studied clock genes was robustly upregulated during the day and night and/or the amplitudes of the rhythmic expression profiles were significantly increased. The general pattern of the effect was very similar in both of the peripheral tissues tested but was more pronounced in the SHR than in the Wistar rat pups. These results led us to investigate whether the effect was caused by the presence of a foster mother of a different circadian phenotype providing altered maternal care or by the fostering procedure per se. We demonstrated that the effect was indeed specific to presence of a foster mother with a different circadian phenotype because, when the pups were reared by a foster mother of the same strain, the amplitudes of the clock gene expression were measured in rats that were reared until weaning by their own mothers (control) and those that were exposed to cross-strain fostering (cross-strain). The data are expressed as median with 25th to 75th percentile (box) and minimal to maximal value (whiskers) (n = 6-8 per group). HR is expressed as beats min -1 and blood pressure is expressed as mmHg. The results of the statistical comparisons between groups are depicted. * P < 0.05; * * * P < 0.001; * * * * P < 0.0001. 596.23 profiles in the liver and colon did not change at P30, with the exception of a small increase in the amplitude of Bmal1 of SHR pups. Moreover, returning the pups of both strains exposed to cross-strain fostering to their genetic mothers at P10 prevented the increase in the amplitudes of the expression rhythms in the liver and colon of these pups (in Wistar rat pups, the prevention was partial, whereas in SHR pups, it was complete). These results revealed that, in contrast to the effect on the SCN clock, the peripheral clocks responded more robustly to cross-strain fostering, with the response being stronger in SHR than Wistar rats. The interval between P10 and P30 represents a developmental period during which pups gain sight and, together with a gradual decline in breast-milk intake, start to consume solid food at night, which affects the phases of their peripheral clocks (Sladek et al. 2007a; Polidarova et al. 2014) . Importantly, dietary factors were probably not involved in the effects of cross-strain fostering on peripheral clocks observed after weaning because cross-strain fostering induced (and return to genetic mother abolished) these effects in pups of both rat strains. It appears that, despite a gradual weaning of maternal breast feeding, the presence of a mother whose circadian system is not aligned with the genetically programmed pups' circadian system during this interval still has a significant impact on the pups' peripheral molecular clocks. The greater response of the peripheral clocks of SHR to cross-strain fostering is in agreement with previous studies reporting that this strain exhibits a significantly higher sensitivity to environmental cues (Hausler et al. 1983) , as well as to changes in feeding regime not only in adulthood (Polidarova et al. 2013) , but also during ontogenesis (Olejnikova et al. 2015) . The generally higher sensitivity of the autonomous nervous system in SHR (Hausler et al. 1983 ) may play a role in the higher sensitivity of their peripheral clocks because the activity of the nervous system is considered causal in their cardiovascular pathology. It innervates these peripheral tissues and, furthermore, the clocks in the liver (Terazono et al. 2003) and colon (Malloy et al. 2012) are directly responsive to changes in adrenergic tonus. Apart from sensitivity to feeding regime, SHR also differ in sleep patterns (Carley et al. 1996) . The altered sleep pattern of a foster mother may also affect the sleep patterns of her pups, which could account for the observed effects on the circadian clocks. Importantly, the circadian phenotype of the Wistar rat foster mother remedied the dampened amplitudes of the colonic clock in SHR pups. The beneficial effect of the care provided by the Wistar rat foster mothers for SHR pups was also confirmed by cardiovascular function measurements. Our data show that cross-strain fostering normalized the increased HR in 2-month-old SHR to the Wistar rat control levels, although it did not affect blood pressure (MAP, SBP and DBP). The cross-strain fostering had no effect on any of these parameters in normotensive control pups. The low birth weight accompanied by catch-up growth during childhood has been associated with the development of hypertension in adulthood (Eriksson et al. 2000) . It is possible that the SHR pups, who are born with a lower body weight, experienced a catch-up growth as a result of cross-strain fostering. The absence of the effect of cross-strain fostering on blood pressure contrasts with previous studies demonstrating a reduction in blood pressure as a result of cross-strain fostering (McCarty et al. 1992; . Siew-Keah et al. (2014) reported that, in SHR, cross-strain fostering significantly postponed the increase in SBP with age. In the present study, such effect was not observed. Importantly, it should be noted that the effect of cross-strain fostering on SHR blood pressure is contradictory because, in accordance with our results, the effect was also not observed in the original study by McMurtry et al. (1981) . The discordance may result from a different methodology of blood pressure measurement (i.e. indirect tail-cuff method) (Siew-Keah et al. 2014) vs. our direct blood pressure measurement using catheters inserted into the carotid arteries of conscious rats. Additionally, we cannot completely exclude the possibility that the different outcome was a result of variability in SHR colonies and/or the use of a different strain of normotensive controls, or even that the presumed delay in blood pressure rise occurred earlier and was thus missed in our cross-strain fostered SHR. Nevertheless, our finding that cross-strain fostering protected the HR rise in SHR confirms its positive effect of on SHR cardiovascular functions.
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In conclusion, although the importance of the maternal circadian system in the entrainment of the rat SCN has been suggested previously (Reppert & Schwartz, 1986; Reppert et al. 1988; Ohta et al. 2002; Varcoe et al. 2013) , in the present study, we demonstrate that the maternal care of a mother with misaligned circadian clocks may be a strong cue positively or negatively affecting the circadian clocks in the SCN and the periphery of pups and may also have long lasting effects on the circadian regulation of behaviour later in adulthood. It is tempting to speculate that the effects of altered maternal behaviour on the circadian system, as well as other physiological parameters, may be mediated via epigenetic programming because maternal care (grooming and licking behaviour) is known to have an impact on the DNA methylation of rat pups (Weaver et al. 2004) . Additionally, the rat model of nurturing was previously suggested to support the hypothesis of a developmental origin of health and disease (DOHaD hypothesis) based on empirical observations of effects of nutrition and stress during perinatal period on outcomes in childhood and adulthood. Potential epigenetic mechanisms that may underlie these observations and theory have been suggested (Wadhwa et al. 2009 ). Altogether, our data provide compelling evidence that the maternal care of a foster mother of a different circadian phenotype may have a significant impact on the regulatory mechanisms of various physiological parameters, even if the pathological symptoms are genetically programmed.
